Context: Approximately half of patients with primary aldosteronism (PA) have clinically evident disease according to clinical (hypertension) and/or laboratory (aldosterone and renin levels) findings but do not have nodules detectable in routine cross-sectional imaging. However, the detailed histopathologic, steroidogenic, and pathobiological features of cross-sectional image-negative PA are controversial.
P rimary aldosteronism (PA) is a major cause of secondary hypertension, responsible for 5% to 10% of all hypertension cases (1) (2) (3) . PA has been classified into aldosterone-producing adenoma (APA) and idiopathic hyperaldosteronism (IHA) on the basis of histopathological findings (1) . PA has also been clinically classified into cross-sectional image-positive and -negative PA (4, 5) . Cross-sectional image-positive PA includes APA and aldosterone-producing adrenocortical carcinoma, whereas image-negative PA includes microAPA, IHA, and other non-APA lesions, including unilateral multiple adrenocortical micronodules (UMN) and unilateral adrenocortical hyperplasia (6, 7) . Recently, the combined use of cross-sectional imaging and adrenal venous sampling (AVS) has enhanced the localization of small cortical lesions, but lesions smaller than 7 mm in diameter remain difficult to detect (8) . In addition, diagnosis of APA-negative, "unilateral" PA has become more frequent in clinical practice as a result of the increased use of AVS (9, 10) . At this juncture, approximately 30% of PA cases are considered cross-sectional image negative (8) . Two-thirds of patients with PA lesions have been histologically diagnosed as having adrenocortical hyperplasia (1-3, 7), but CYP11B2 expression has not been examined.
Nanba et al. (11) previously classified PA into 2 different groups, i.e., APA and non-APA, in both bilateral and unilateral cases, based upon CYP11B2 immunohistochemistry (IHC) results, but a detailed histopathological analysis of non-APA lesions was not reported.
Somatic mutations of several genes, including KCNJ5, ATP1A1, ATP2B3, and CACNA1D, have been reported to cause aldosterone overproduction in APA (12) (13) (14) . KCNJ5 somatic mutations have been frequently detected in APA cases, and, in particular, in 60% to 70% of Japanese APA cases (15) . In contrast, in a cohort of histologically normal adrenal glands from patients with unknown blood pressure status who underwent renal transplantation, Nishimoto et al. (16) reported that CACNA1D somatic mutations were detected in 26% of aldosterone-producing cell clusters (APCCs), whereas no KCNJ5 mutations were identified. However, histopathological classification and somatic mutation status of aldosterone-driver genes of cross-sectional image-negative cases have not been well characterized.
Therefore, in this study, we retrospectively reviewed the histopathological features, IHC-based localization of CYP11B2 and other steroidogenic enzymes expression, and somatic mutation status of aldosterone-regulating genes from a cohort of cross-sectional image-negative, non-APA, aldosterone-secreting glands from patients with hypertension to develop a more comprehensive classification and elucidate the pathobiology of these adrenocortical disorders.
Materials and Methods

Study cases
Resected adrenals from 25 consecutively available cases (21 cases from Tohoku University Hospital from 2005 to 2015, and 4 cases from Asahikawa Red Cross Hospital from 2014 to 2015) that met the following criteria were included in our retrospective study. All cases had hypertension associated with aldosterone hypersecretion based upon laboratory data (aldosterone and renin levels). All cases demonstrated improvement in their hypertensive status based on lowered blood pressure after surgery and decreased number of antihypertensive medications. Two confirmation tests were used: a captopril loading test (Tohoku University) and a flosemide loading test followed by walking (Asahikawa Red Cross Hospital). All of the cases examined were negative by cross-sectional imaging. On the basis of histologic examination [hematoxylin and eosin (H&E) and CYP11B2 IHC], these cases did not have microAPAs based on the preservation of adrenal zonation patterns and the absence of histologically consistent neoplastic progression such as nuclear atypia, fibrous capsule, and well circumscribed margins.
Laterality of all cases was clinically categorized by the results of AVS. We used the criteria of laterality determination, using a postadrenocorticotropic hormone stimulation cutoff value of 2.6 of the lateralization index (17) .
Clinicopathological characteristics of these 25 cases are summarized in Table 1 . Six nonpathological adrenal glands (NA) obtained from surgery for renal cell carcinoma and other nonendocrine/hypertension-related entities were used as controls. The research protocol for this study was institutional review board approved at both Tohoku University School of Medicine and Asahikawa Red Cross Hospital, Japan.
Immunohistochemical analysis
All surgical adrenal specimens were submitted for histopathological examination by fixation in 10% buffered formalin and embedded in paraffin. An average of 6 H&E-stained tissue sections per case (depending on adrenal size), prepared from formalin-fixed, paraffin-embedded (FFPE) blocks, were carefully reviewed. After review of all tissue sections, CYP11B2 IHC was performed (18) . Other steroidogenic enzymes were also immunostained in representative sections following the H&E and CYP11B2 assessment. The thickness of the tissue sections was set at 3 mm in all cases. IHC protocols used in this study are summarized in Supplemental Table 1 . The immunoreactivity of steroidogenic enzymes was semiquantified using H-score analysis [= S (number of cells in whole target area 3 score 1+, 2+, 3+) / 500 cells] (19, 20) . When there was interobserver variability between Y.Y. and Y.N. for the relative intensity of the positive cells, the slides were reevaluated using double-headed light microscopy by these 2 observers, and the relative immune intensity of the cases was subsequently determined by this light microscopic evaluation.
We also analyzed the CYP11B2-positive areas as a percentage of the total adrenal cortex tissue within these sections using digital analysis software (HALO Area Quantification, version 1.0; Leica, Buffalo Grove, IL) as follows: CYP11B2-positive area (%) = CYP11B2 positive / entire adrenocortical area (mm 2 ). All immunostained tissue sections were digitally scanned and captured using Image Scope AT2 (Leica) for analysis.
DNA extraction
As described previously, because unilateral resected non-APA PA cases have been frequently encountered, we selected 7 unilateral cases for analysis of somatic mutation status of aldosterone-driver genes, on the basis of the results of AVS. We prepared serial tissue sections of these cases as follows for DNA isolation from CYP11B2-positive areas: H&E (3 mm), CYP11B2 (3 mm), 8 unstained sections at 10-mm thickness for DNA extraction, CYP11B2 (3 mm), H&E (3 mm). We macrodissected CYP11B2-positive and -negative areas from unstained sections (using the adjacent CYP11B2 IHC slides as a guide) under a dissecting microscope using a scalpel. Genomic DNA was extracted using the AllPrepDNA/RNA FFPE Kit (QIAGEN, Germantown, MD), as described (16) .
Next-generation sequencing
Genomic DNA isolated from both CYP11B2-positive (n = 35; micronodule, n = 32; ZG, n = 3) and CYP11B2-negative (n = 7) areas was subjected to targeted next-generation sequencing (NGS) to identify somatic mutations in aldosterone-driver genes Twenty-five consecutive cases with available resected adrenals from 2005 to 2015 that met the following criteria were retrospectively selected from 2 institutions: clinical hypertension associated with aldosterone hypersecretion, improvement of hypertensive status according to blood pressure, and the number of antihypertensive drugs before and after surgery. Twenty-one cases were from Tohoku University Hospital (from 2005 to 2015), and 4 cases from Asahikawa Red Cross Hospital (from 2014 to 2015). Biological PA confirmation was determined by the captopril loading test (Tohoku University), and the flosemide loading test followed by walking (Asahikawa Red Cross Hospital). All cases were negative according to cross-sectional imaging. No cases had microAPAs (as assessed by histology and CYP11B2 IHC). All patients underwent unilateral or bilateral adrenal resection for persistent hypertension resistant to multiple antihypertensive medications, cardiovascular complications, juvenile hypertension, or some adrenal gland surface irregularities according to crosssectional imaging. Lateralization of all cases was clinically categorized by AVS, using the cutoff value of 2.6 of lateralization index after adrenocorticotropic hormone loading (17) . Twenty-five cases were classified as ZG hyperplasia, similar to that seen adjacent to APAs. As in APA cases, ZGs are morphologically hyperplastic but negative for CYP11B2, suggesting the inability to produce aldosterone. In addition, ZG paradoxical hyperplasia was generally less pronounced in MN than APA. Adjacent ZGs in some MN cases demonstrated even atrophic changes. Spironolactone bodies were detected both in nodular and nonnodular cortical cells in DH, but only in cortical cells of micronodules in MN, and these cells harboring spironolactone bodies were positive for CYP11B2.
Abbreviations: ARR, aldosterone renin ratio; DBP, diatolic blood pressure; Dx, diagnosis; F, female; M, male; N/A, not available; PAC, plasma aldosterone concentration; PRA, plasma renin activity; SBP, systolic blood pressure. a Canulation failure.
b PRA/PAC (ARR) value 2 hours after flosemide loading followed by walk.
using an updated version of our previous approach (16) . Specifically, sequencing of CYP11B2-positive areas was performed using the Ion AmpliSeq Library kit 2.0 (Thermo Fisher Scientific, Waltham, MA) with barcode incorporation and 2 custom Ion Ampliseq multiplex polymerase chain reaction panels (APAv1 and APAv2; Thermo Fisher Scientific) targeting essentially the same genes but with different amplicons to distinguish true mutations from sequencing artifacts. These panels targeted genes previously reported as recurrently somatically mutated in APA (full coding sequence of KCNJ5, CACNA1D, ATP1A1, and ATP2B3 on both panels). Of particular importance, the individual amplicons covering these genes are different between the 2 panels. CYP11B2-negative regions from each sample were processed as described previously, except that they were only sequenced on the APAv1 panel. Data analysis was performed essentially as described previously (16), but with additional stringency and incorporation of results from both panels. For CYP11B2-positive specimens, variants culled by default proton low-stringency somatic variant filtering were further filtered to identify potential driving somatic mutations by removing synonymous or noncoding variants, those with flow-corrected read depth ,300 in both panels, flow-corrected variant allele-containing reads ,40 in both panels, variant allele frequencies (flow-corrected variant allele-containing reads / flow-corrected read depth) ,0.05 in both panels, flow-corrected variant allele calling forward to reverse read ratio ,0.2 or .5 in both panels, or indels within homopolymer runs $4. Variants occurring exclusively in reads containing other variants (single nucleotide variants or indels) or those occurring in the last mapped base of a read were excluded in this study. Variants passing default proton low stringency somatic variant filtering in the matched normal sample or any other normal sample were considered germline/ artifacts and also excluded. Last, all of the variants that passed these filtering criteria in CYP11B2-positive samples were visually confirmed in Integrative Genomics Viewer (IGV; Broad Institute, Cambridge, MA; https://www.broadinstitute.org/igv/), along with the paired normal sample to confirm lack of substantial read support for the culled variant.
Statistical analysis
The comparison of immunoreactivity (H-score) of each steroidogenic enzyme examined in this study, the percentage of CYP11B2-positive area, and clinicopathological factors among these cases were analyzed by Mann-Whitney U test. P values , 0.05 were considered significant.
Results
Cross-sectional image-negative hypertensive adrenals associated with aldosterone hypersecretion were first tentatively classified into the following 2 histological subtypes: multiple adrenocortical micronodules (MN) and diffuse hyperplasia (DH) of ZG, on the basis of the intra-adrenal patterns of CYP11B2 immunoreactivity as described later (Fig. 1) . Each histological subtype also had a corresponding unilateral and bilateral counterpart, i.e., unilateral MN (UMN) and bilateral MN, unilateral DH, and bilateral DH (BDH).
MN
MN was defined as the presence of CYP11B2-positive cortical micronodules located in the CYP11B2-negative ZG [ Fig. 1(A-C) ]. Immunolocalization patterns of steroidogenic enzyme in these nodules were generally negative for CYP11B1 and CYP17A1 and positive for HSD3Bs (predominantly HSD3B2 and HSD3B1 were weak). The adjacent ZGs were associated with "paradoxical hyperplasia" (21) , that is, they were histologically hyperplastic but negative for CYP11B2 and HSD3Bs (HSD3B1 weakly positive). The ZGs of adjacent adrenals in MN cases demonstrated various degrees of paradoxical hyperplasia, as was reported previously in APA cases; they were morphologically hyperplastic but negative for CYP11B2 and HSD3B2. However, this histological change in ZGs was generally less pronounced in MN than APA. Adjacent ZGs in some MN cases demonstrated even atrophic changes. Spironolactone bodies were histologically identified only in the CYP11B2-positive cortical micronodules in the cases treated with spironolactone before surgery.
DH
DH was defined as histologically diffuse hyperplastic CYP11B2-positive ZG that harbored CYP11B2-positive adrenocortical micronodules [ Fig. 1(D-F) ]. The cortical micronodules were not necessarily readily recognizable in all of the sections. DH was further subclassified into the following 2 histologically distinctive subtypes on the basis of the presence or absence of micronodules: DH, nodular pattern, and DH, nonnodular pattern. Spironolactone bodies were recognized both in the CYP11B2-positive hyperplastic ZGs and cortical micronodules. HSD3B2 immunoreactivity was marked in hyperplastic ZG.
Laterality of the lesions
Among the 25 cases examined in this study, 7 and 18 were clinically diagnosed as unilateral and bilateral, respectively, according to the results of AVS, based on the criteria of the cutoff value as lateralization index of 2.6 (17) . The unilateral cases were further subclassified into 5 UMN and 2 unilateral DH, and the bilateral cases into 8 bilateral MN (MN/MN) and 10 BDH (DH/DH) ( Table 1 ). All of the resected bilateral cases demonstrated similar pathological features in both right and left adrenals.
Steroidogenic enzyme IHC
CYP11B2
In both MN and DH, CYP11B2 immunoreactivity (Hscore) was significantly higher in adrenocortical nodules than in adjacent ZGs [ Fig. 2(A) ; MN, P , 0.0001; DH, P = 0.0001; Mann-Whitney U test], indicating the potential for aldosterone biosynthesis predominantly in adrenocortical nodules in MN and DH. ZGs of the adjacent adrenal cortex of MN were morphologically hyperplastic but predominantly negative for CYP11B2, consistent with the concept of paradoxical hyperplasia [ Fig. 2(B) ]. Therefore, aldosterone biosynthesis was considered focal or localized in the ZG of MN.
HSD3Bs
HSD3B1 immunoreactivity was significantly higher in both adrenocortical micronodules and adjacent ZGs in MN than in DH [ Fig. 2(C) ; nodules, P = 0.04; adjacent ZG, P = 0.01; Mann-Whitney U test]. HSD3B2 immunoreactivity was significantly higher in adjacent ZGs in DH than in MN [ Fig. 2(D) ; P = 0.02; MannWhitney U test]. However, no significant differences in HSD3B2 immunoreactivity were detected between Quantitative analysis of CYP11B2-positive area in UMN vs NA The percentages of the CYP11B2-positive areas were compared between UMN and NA using digital image analysis [ Fig. 3(A) ]. The percentage of the CYP11B2-positive area in UMN was significantly higher than that in NA [ Fig. 3(B) ; P = 0.0061; Mann-Whitney U test]. Although limited by the retrospective nature of the study and the small number of cases examined, a cutoff for the CYP11B2-positive area of ;1% of the adrenal cortex area could differentiate UMN from NA (100%).
Somatic gene mutation status associated with aldosterone overproduction
We further explored the characteristics of the CYP11B2 cortical micronodules detected in these histological subtypes by evaluating the frequency and spectrum of somatic mutations in aldosterone-regulating genes in the 7 unilateral cases described previously. DNA was isolated from 26 CYP11B2-positive cortical micronodules from these 5 MN cases, and from 6 nodules and 3 nonnodular part of CYP11B2-positive ZGs from the 2 DH cases. Somatic mutations of aldosterone-driver genes were detected significantly more frequently in CYP11B2-positive adrenocortical micronodules in MN [n = 21 of 26 (81%)] vs DH [n = 1 of 6 (17%); P = 0.0063; 2-sided Fisher's exact test]. Among 26 adrenocortical micronodules, mutations in CACNA1D (65%), KCNJ5 (8%), ATP1A1 (4%), and ATP2B3 (4%) were detected (Fig. 4) . Of particular interest, KCNJ5 somatic mutations were identified in 2 of 5 (40%) MN cases (case no. 19 micronodules had CACNA1D mutations [MN, n = 17 of 26 (65%) vs DH, n = 1 of 6 (17%); P = 0.06; 2-sided Fisher's exact test]. A summary of the somatic mutations in these cases is illustrated in Fig. 4 . No somatic mutations were detected in CYP11B2-negative normal adrenal cortex, which was used as the negative control in each case.
Discussion
This study comprehensively subclassifies cross-sectional image-negative hyperaldosteronism on the basis of detailed histopathological features, CYP11B2 IHC, and somatic mutation status.
MN vs DH
Cross-sectional image-negative hyperaldosteronism could be subclassified into 2 histologically distinctive subtypes: MN and DH. Both MN and DH were considered to be distinct disorders on the basis of CYP11B2 IHC, i.e., aldosterone biosynthesis had occurred diffusely or focally in the ZG of adrenal cortex. In MN cases, HSD3B1 was detected in both cortical micronodules and adjacent ZGs, but HSD3B2 was relatively abundant only in the micronodules and absent in adjacent ZG. Therefore, the adjacent ZGs in MN demonstrated the "paradoxical hyperplasia" (21) that was detected in adjacent ZGs in APA (7), and these findings were also consistent with the nature of autonomous aldosterone production in MN. In addition, these steroidogenic enzyme profiles in the cortical micronodules were consistent with the previous report that first proposed the concept of UMN (7). However, "UMN" as previously described could possibly include regenerative adrenocortical nodules composed of ZF-like clear cells that are negative for CYP11B2 and positive for CYP17A1 and CYP11B1 (9, 10) . Therefore, in this study, we defined MN as CYP11B2-positive multiple cortical micronodules.
The number of unilateral resected MN cases has been recently increasing as a result of AVS development, as described previously. These cases are usually considered as having surgical indications because the patients are thought to present with a relatively early clinical stage of PA. DH is a pure histological entity, considered to more frequently manifest in bilateral lesions and therefore termed BDH. In our present study, the great majority of DH cases were bilateral (83%; n = 10 of 12). In DH cases examined, more than 50% of nonnodular parts of the ZG were CYP11B2-positive areas. The term IHA has been used as a rather nonspecific umbrella term for a long period of time in adrenocortical pathology to describe the bilateral PA lesions associated with ZG hyperplasia, with or without adrenocortical nodules, regardless of underlying etiologies (6, 22) . Doi et al. (23) reported that HSD3B1 as well as HSD3B2 was immunolocalized in the ZG, and HSD3B2 was also predominantly detected in the ZGs of both NA and IHA cases. However, results of our present study indicate that HSD3B1 expression is relatively low in both micronodules and the adjacent ZG in DH cases, whereas HSD3B2 immunoreactivity is abundant in both micronodules and adjacent hyperplastic ZG.
Through an optimized NGS approach that is compatible with minute amounts of FFPE tissue, somatic mutations in aldosterone-driver genes were significantly more frequent in CYP11B2-positive cortical nodules in MN (81%) vs DH (17%). Of particular interest, KCNJ5 somatic mutations were detected in 2 of 5 MN cases (2 of 26 micronodules) but not in either of the 2 DH cases (0 of 6 micronodules) profiled herein. In addition, no somatic mutation was detected in the nonnodular part of CYP11B2-positive ZG in DH cases. Our results are in contrast with the prevailing thought that the capacity to produce aldosterone in non-APA lesions, especially in unilateral cases, is relatively lower than that in APA (24) . However, contralateral sides of adrenal glands in bilateral disease cases are required for further clarification.
Cell morphology of CYP11B2-positive adrenocortical micronodules
Adrenocortical micronodules were composed of various types of cortical cells, mainly clear cells (ZF-like, lipid-rich cells) and compact cells (ZG-like, spherical small cells). However, there were some other types, for instance, oxyphilic cells, which had eosinophilic or relatively eosinophilic abundant cytoplasm, occasionally containing lipid droplets. However, in our present study, there were no significant correlations between cell morphology and aldosterone-driver gene somatic mutation status [ Fig. 4(A) ]. The great majority of these adrenocortical micronodules were composed of mixed cell types, which indicated that zonation of micronodules was at least partially preserved.
MN vs microAPA
Histopathological differential diagnosis between MN and microAPA is extremely difficult. Results of previously reported studies demonstrated that the term microAPA has not necessarily been rigorously defined, but in general, tumors of less than 7 mm in the greatest dimension on the basis of imaging methods are currently considered to represent microAPA (8, 25, 26) . MicroAPAs often do not have classical APA-associated histological features, such as a fibrous capsule, intratumoral heterogeneity of clear and compact cortical cells, and/or the occasionally detected tumor cell atypia with enlarged nuclei (8) . However, results of our present study demonstrated that CYP11B2 immunoreactivity of adrenocortical micronodules in MN was marked in the adrenal subcapsular area, and these cells extended inward from the capsule [ Fig. 1(A) and 1(B) ]. This finding also indicated that adrenal cortex zonation was at least partially preserved in these adrenals in non-APA hyperaldosteronism. Therefore, histologically discernible nuclear atypia, patterns of CYP11B2 immunoreactivity, and preservation of adrenal cortex zonation could be of value in histopathological differentiation of microAPAs from MN.
MN vs multiple APCCs
Nishimoto et al. (16) defined APCC as CYP11B2-positive cell clusters within the ZG area normally involved in aldosterone biosynthesis in NA. In our present study, we defined MN as a distinct histopathological entity in the cases associated with autonomous aldosterone hypersecretion, because the prevalence of aldosteronedriver gene somatic mutation was much higher in MN than APCC [MN, n = 21 of 26 (81%) vs APCC, n = 8 of 23 (35%); P = 0.0015; 2-sided Fisher's exact test] (16), and the CYP11B2-positive area was larger in MN than in APCC. These findings may be related to the aldosterone hypersecretion detected in these patients.
Importantly, however, MN in this cohort of hypertensive cases resembled normal adrenals with multiple CYP11B2-expressing APCCs in nonhypertensive cases (16) . Our findings therefore suggest that APCCs in nonhypertensive adrenals could progress to the MN subtype of PA, a concept that is supported by the similar spectrum of somatic mutations in aldosterone-driver gene somatic mutations. However, histopathological differentiation between adrenocortical nodules in MN and APCCs detected in NA is still considered extremely difficult. Therefore, in our present study, we quantified histologic "hyperplastic change" by analyzing the ratio of CYP11B2 area in the whole adrenal cortex using digital image analysis. Results of this particular quantitative histological approach revealed that "pathologic" CYP11B2 status occurred when 1% of the adrenal cortex became positive for CYP11B2 (Fig. 4) . Therefore, the cases in which CYP11B2-positive cortical nodules occupy more than 1% of the adrenal glands are considered to represent MN "histologically." However, this definition would have to be prospectively validated and confirmed using a larger number of cases.
KCNJ5 somatic mutations were detected in the micronodules of MN cases (2 of 26). The patterns of adrenocortical zonation with more marked CYP11B2 immunoreactivity in outer areas, as in normal adrenal glands, were still preserved in the cortical micronodules harboring KCNJ5 mutations. However, no APCC had KCNJ5 mutations in a relatively large autopsy study of adrenals from a Japanese population (27) , in contrast with a relatively high rate of KCNJ5 mutations (70%) in Japanese patients with APA (15) . Nonetheless, whether these cortical micronodules harboring KCNJ5 mutations detected in MN have the potential to progress to APA or microAPA is unknown, and further investigations are required for clarification.
Conclusion
CYP11B2 immunolocalization is pivotal in defining cellular etiology and histological subtypes in crosssectional image-negative hypertension associated with hyperaldosteronism that included PA. Here we classified the histological subtypes of non-APA adrenocortical lesions with aldosterone hypersecretion into 2 distinctive entities: DH (diffuse hyperplasia pattern) and MN (focal nodular pattern) (Fig. 5) . Results of this study indicate that DH and MN are 2 different entities in terms of aldosterone biosynthesis. CACNA1D mutation is most frequently detected in CYP11B2-positive micronodules of MN. We consider MN as a histological subtype of PA, which we hypothesize may develop from APCC accumulation, although this requires additional investigation. Furthermore, unilateral cases of MN should be thought to represent a relatively early clinical stage of PA, and possibly considered as indicated for surgery. However, additional investigation and clinical long-term postoperative prognosis will be required to determine whether some of these cortical nodules harboring KCNJ5 mutations could represent the precursor lesions of APA.
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